The structures of three nitro-substituted phenothiazines [1,3,4-trifluoro-2-nitrophenothiazine, 10-(4chlorobutyl)-1,3,4-trifluoro-2-nitrophenothiazine and 10-(4-chlorobutyl)-3-nitrophenothiazine] have been determined. The first of these red compounds forms infinite stacks in the solid state, in which donor and acceptor regions of the approximately planar molecules alternate. The molecules of the other two compounds, which have folded, or 'butterfly', conformations in the solid state, do not form stacks, presumably because the bulky chlorobutyl substituents cannot be accommodated. The very dark color of solid 3nitrophenothiazine suggests the presence of extended molecular stacks, but crystals suitable for a structure determination could not be obtained. (II) (III) Scheme II.
Introduction
A series of photoactive phenothiazines was synthesized and their binding affinities to calmodulin (CAM) were evaluated as part of an effort to study the interactions between CAM and the proteins that it regulates (Vanaman, 1983; Manalan & Klee, 1984) . The synthesis (see Scheme I) of the fluorinated phenothiazine analog 2-azido-10-[4-(4methyl-1 -piperazinyl)butyl]-1,3,4-trifluorophenothiazine (5) involved an initial aromatic nucleophilic substitution reaction between pentafluoronitrobenzene (1) and 2-aminobenzenethiol to provide 2-aminophenyl 2,3,5,6-tetrafluoro-4-nitrophenyl sulfide (2). Precedent (Yakobson, Furin, Korbina & Vorozhtsov, 1967) suggested the assignment of para-substitution in this coupling product; that assignment was supported by 13C NMR data. Heating the sulfide (2) in the presence of N, N-diisopropyl-N-ethylamine in O. 1 M N,N- dimethylformamide led efficiently to a phenothiazine derivative, but the l H and 13C NMR spectra did not distinguish between the desired 2-nitro-l,3,4trifluorophenothiazine (3) and the isomeric 3-nitro-1,2,4-trifluorophenothiazine (4), that might have arisen through a Smiles rearrangement (Truce, Kreider & Brand, 1970) .
Determination of the structure of (3) (1,3,4-trifluoro-2-nitrophenothiazine, hereafter, compound I) confirmed that the desired isomer had been obtained, but revealed that the ring system, counter to expectations, was almost planar. Essentially all other neutral phenothiazines are bent along the NnS vector into a 'butterfly' conformation. Another unusual property of (I) is its color: solutions and crystals are bright red. Structures of the related molecules 10-(4-chlorobutyl)-l,3,4triftuoro-2-nitrophenothiazine (hereafter, compound II) and 10-(4-chlorobutyl)-3-nitrophenothiazine (hereafter, compound III) were then determined to determine F F (I) F CI CI whether the unexpected geometry was characteristic of the substitution pattern or an accident of crystal packing.
Experimental
The three crystals structures were solved with the program package SHELXTL/PC (Sheldrick, 1990) and refined with SHELXL93 (Sheldrick, 1993) . H atoms were located in calculated positions and refined isotropically; all C--H distances were in the range 0.86-1.08 A, with e.s.d.'s of ca 0.03~. Crystallographic data and the details of the structure determinations are given in Table  1, atomic coordinates and isotropic U values in Tables  2-4 , and bond lengths and angles in A search of the July 1993 version of the Cambridge Structural Database (Allen, Kennard & Taylor, 1983;  hereafter, the CSD) for the phenothiazine ring structure (C]2NS; no other bond to the S atom) included the criteria RFAC 0.01-0.07 and SIGF 1-3 (average e.s.d. for a C--C bond 0.001-0.030). Structures with charges marked were rejected, as was one structure with a bridge between the N atom and one of the rings. The 44 'hits' yielded 55 phenothiazine fragments. The refcodes and dihedral angles have been deposited.* Figs. 1-3 shows that a planar phenothiazine ring system is found in (I), but not in the other two compounds. The dihedral angle between the two C6NS planes in (I) is 3.3(1) and 2.4(1) ° for the two independent molecules, but 40.6(1) ° in (II) and 25.2 (1) ° in (III). The histogrammic representation ( Fig. 7) of the corresponding values derived from the CSD shows that the value found for (II) of 41 ° is typical for phenothiazines. The value for (III) of 25 ° is close to the edge of the main part of the distribution, but is not remarkable. The very small values of the dihedral angles for (I) are, however, unusual, especially when the six structures having dihedral angles < 10 ° are examined more carefully. All six structures (seven fragments) are solid-state compounds composed of two different ions or molecules. Four of the structures (five fragments) are described in the orignal articles (although not in the CSD) as containing the radical cation of phenothiazine (Kozawa & Uchida, 1990; Von Dreele & Harris, 1983; Singhabhandhu, Robinson, Fang & Geiger, 1975) . The other two fragments occur in the 1:1 and 2:1 7r-molecular complexes of phenothiazine with pyromellitic dianhydride (Anthonj, Karl, Robertson & Stezowski, 1980; Brierly, Barton, Robertson, Anthonj & Karl, 1985) . Compound (I) appears to be the only simple uncomplexed phenothiazine in which the characteristic Ct2NS fragment is almost planar. * See deposition footnote.
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Discussion
Phenothiazine is a known electron donor in 7rdonor-acceptor complexes with ionic and nonionic ground states (Herbstein, 1971) . The folding of the molecule along the N--S vector is small in these compounds; the molecule is approximately planar. The addition of the electron-accepting nitro group to the phenothiazine fragment opens up the possibility of phenothiazine forming complexes with itself. A number of resonance structures can be drawn which have a formal positive charge localized on the N or S atom and a formal negative charge on the NO2 group.
The structural evidence suggests that molecules of (I), which contain both an electron donor and acceptor, could be regarded as self-complexing (cf. Herbstein, 1971) . Within the stacks the two ends of the fused-ring system alternate (see Figs. 4 and 8) . The angle of the best molecular plane with respect to the a axis is 13.49 (4) ° for molecule A and 10.26(4) ° for molecule B. The distances between the planes of adjacent molecules are 3.34 (2) and 3.44 (2)/~ for molecule A (inversion centers at 0,1/2,1/2 and 1/2,1/2,1/2) and 3.40 (1) and 3.47 (1) for molecule B (inversion centers at 0,0,0 and 1/2,0,0). These distances are a little longer than the distances in many solid-state complexes and thus indicate only weak charge-transfer interactions (Herbstein, 1971) .
The crystal morphology provides further evidence of stacking interactions. Crystals of (I) are elongated parallel to the stacking a axis, but are thin in the direction of the normals to the large {011 } faces. The crystals cleave easily to produce new {011 } faces, across which twinning seems to be common. Finally, the melting point (see Table 1 ) is 100 K higher for (I) than for (II), even though an H atom in the former is replaced by a (much heavier) C4H8C1 group in the latter. On the other hand, it could be argued that the higher melting point of (I) is, at least in part, simply a reflection of its greater density (see Table 1 ).
The two independent molecules of (I) are approximately planar (r.m.s. deviations from the 18-atom planes of 0.040 and 0.042/~ for molecules A and B, respectively). A view of the crystal packing (see Fig. 8 ) suggests that the molecules might be slightly bowed; the deviations from the least-squares planes imply, however, that molecule A is bowed, but B is twisted (see Fig.  9 ). The atomic displacement ellipsoids (see Fig. 1 ) seem to rule out the possibility of the planar geometry resulting from disorder of two more folded molecules. Although the ellipsoids for the S and N 1 atoms are larger than those of the adjacent C atoms, they are no more elongated than the ellipsoid for the S atom in (III) (see Fig. 3 ).
Replacement of the H attached to N1 with the bulky C4H8C1 group breaks up the molecular stacking. The folded phenothiazine rings in (II) interact in layers centered around y = 0 and y = 1/2 and the chlorobutyl groups interact in layers centered around y = 1/4 and y = 3/4. The molecules in (III) (see Fig. 6 ) appear to interact in pairs.
The red color of all three compounds, and of seven other members of a series of neutral phenothiazine Fig. 8 . Projection of part of the structure of (I) along the b axis.
The a axis points upwards and the c axis points towards the right. Molecules A in the same stack are related by translations along a and by inversion centers at y = z = 1/2; the inversion centers relating molecules in the B stack are at y = z = 0.
derivatives having a nitro substituent attached to C2 or C3, appears to be typical of nitrophenothiazines. All ten become colorless if the nitro group is reduced to an amino group (Golinski, DeLaLuz, Floresca, Delcamp, Vanaman & Watt, 1995) . The crystal structures of the two chlorobutyl phenothiazine derivatives (II and III), which are both significantly folded along the N-S vector, show that a red color does not imply coplanarity of the fused rings. Crystals of 3-nitrophenothiazine appear black, but are seen to be dark red when very thin samples are viewed under a microscope. Attempts to determine whether these crystals also contain molecular stacks were thwarted when repeated recrystallization attempts produced nothing but aggregates of microcrystals. If the crystals do contain stacks, then neither the position (2versus 3-) of the nitro substituent nor the replacement of F with H atoms affects the crystal packing.
The only other nitro-substituted phenothiazine derivative that we could find in the literature is the oxidation product 2-chloro-7-nitro-10-methylphenothiazine 5oxide (Jovanovic, de Meester, Biehl & Chu, 1986 ). This molecule is slightly folded (dihedral angle 15.5 ° ) and appears to pack as dimers. The O atom attached to the S atom is very much out of the 'plane' of the rest of the molecule and so probably hinders the formation of stacks. Another interesting comparison compound is 1,4,6,9-tetraazathianthrene, C8H4NzS2 (Lynch, Simonsen, Davis, Martin, Musmar, Lam & Smith, 1994) , which is one of the few known planar thianthrenes (same ring system as phenothiazine except that the N atom is replaced by a second S atom). Tetraazathianthrene molecules form stacks generated by the a translation (3.89 A). We conclude that the stacking interactions in nitrophenothiazines are weak. In the absence of bulky substituents or out-of-plane substituents infinite stacks may be formed in which donor and acceptor regions (or bond polarities) alternate. Whatever charge-transfer interactions stacking may provide, it almost certainly leads to greater packing efficiency and thus a lower crystal energy. The tendency of these molecules to stack is, however, easily overwhelmed by other types of interactions.
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